Monolayer graphene is obtained by mechanical exfoliation using scotch tapes. The effects of thermal annealing on the tape residues and edges of graphene are researched. Atomic force microscope images showed that almost all the residues could be removed in N 2 /H 2 at 400 ∘ C but only agglomerated in vacuum. Raman spectra of the annealed graphene show both the 2D peak and G peak blueshift. The full width at half maximum (FWHM) of the 2D peak becomes larger and the intensity ratio of the 2D peak to G peak decreases. The edges of graphene are completely attached to the surface of the substrate after annealing.
Introduction
Isolated graphene was first prepared by mechanical exfoliation of highly oriented pyrolytic graphite (HOPG) [1] . Such exfoliated graphene exhibits high crystal quality and draws significant attention because of its unique electrical properties [2] [3] [4] [5] . The mobility of the exfoliated graphene could be as high as 200000 cm 2 ⋅V −1 ⋅s −1 [6, 7] which allows for the observation of quantum Hall effect even at room temperature [8] . Therefore it is a promising candidate for a high-temperature quantum resistance standard [9] [10] [11] [12] [13] for metrology applications.
The graphene films, obtained by micromechanical exfoliation [1, 14, 15] , synthesized from chemical vapor deposition [16] [17] [18] and epitaxial methods [19, 20] , usually suffer from the surface contaminations which affect their intrinsic electrical properties. Currently many methods are being investigated for removing the surface resist residues of the graphene films introduced by transfer and E-beam lithography process. Among these methods, thermal annealing is shown to be very reproducible [21] [22] [23] . However, insufficient attention has been paid to the surface cleaning issue of the exfoliated graphene films before device fabrication [24] . The scotch tape residues on the exfoliated graphene films need to be removed in order to fabricate high-quality devices.
In this paper, we demonstrate the effect of thermal annealing for removing the tape residues of the exfoliated graphene films and flattening the edges. The thermal annealing process is optimized by adjusting the annealing gases and the temperature. AFM and Raman spectroscopy are used to characterize the annealed films.
Materials and Methods
Graphene films are obtained by mechanical exfoliation of Kish graphite with 3 M magic scotch tapes and then transferred to the SiO 2 (300 nm)/Si substrate. Optical microscope is first used to locate the graphene. Raman spectra measurements are then performed on a LabRAM HR800 with the wavelength of 632.8 nm to identify the layer number of the graphene. Atomic force microscope (AFM) is used to characterize the surface of graphene with the tapping mode and an insulating probe.
Two pieces of graphene are achieved on the SiO 2 substrate in one exfoliation process referred to as M1 and M2, respectively, for contrast experiments. Acetone is first used to clean the films. Optical images of the researched graphene are shown in Figure 1 (a) for M1 and Figure 1(b) for M2, respectively. We can observe that there are still tape residues on and beside the graphene M1 and M2 indicated by white circles even after cleaning with acetone. These residues will increase the contact resistance and affect the attachment of electrode metals, thus should be removed before device fabrication. The FWHM of 2D peak is the key factor to determine the number of layers of graphene which is lower than 40 cm −1 with a single Lorenz peak for monolayer graphene. The FWHMs of the 2D peaks of M1 and M2 are both 24 cm −1 , and they are highly symmetrical and also can be fitted with a single Lorenz peak [25] . Therefore, the researched samples M1 and M2 are both monolayer graphene.
Thermal annealing is performed using an annealing oven with N 2 /H 2 and low pressure of 5 mbar. The heating and cooling rate should be low to prevent the edge of the graphene from folding or rolling up [26] . In our studies, both heating and cooling rates are 6 ∘ C/min. The annealing conditions of samples M1 and M2 are shown in Table 1 . Graphene M1 is first annealed at 300 ∘ C and then 400 ∘ C subsequently in vacuum at a pressure of 5 mbar and lastly annealed at 400 ∘ C in N 2 /H 2 at a flow rate of 200 cm 3 /min (sccm) and 50 sccm and a pressure of 50 mbar for 2 hours. For M2, annealing at 300 ∘ C and 400 ∘ C subsequently in N 2 /H 2 at a pressure of 50 mbar for 2 hours is performed. Figure 2 shows the AFM topographic images and the Raman spectra of M1 before and after each annealing step. Before annealing, the tape residues form films on and beside M1 as shown in the AFM image of Figure 2 (a). The Raman peaks between 1100 cm −1 and the G peak are due to the tape residue films. After annealing at 300 ∘ C in vacuum for 2 h, the residue film on the surface of M1 agglomerates to large particles and that beside M1 becomes thinner as shown in the AFM image of Figure 2(b) . The peaks of the tape residues Journal of Nanomaterials are still present in the corresponding Raman spectrum and the intensity ratios of these peaks to the G peak become larger which indicates that the residues are not removed. D peak at 1340 cm −1 also emerges. Annealing temperature is raised to 400 ∘ C in vacuum for 2 h, the surface residue particles diminish, and those on the substrate become much smaller ones that are distributed more evenly as illustrated in Figure 2(c) . The Raman spectrum clearly shows that the residues are not completely removed although the intensity ratios decrease.
Results and Discussion
It is obvious that annealing in vacuum does not efficiently remove the tape residues on the surface of the graphene. The residues just congregate to particles from films and change the positions continuously. N 2 /H 2 gas is introduced into the oven for further annealing the graphene M1 at rates of 200 sccm and 50 sccm, respectively, and the pressure is 50 mbar. The annealing result is shown in Figure 2(d) . The AFM image shows that the surface is much smoother than that in Figure 2(b) . Most of the surface area of M1 is now close to the substrate, indicating that the surface shows similar roughness with the substrate. The absence of the intrinsic tape residue peaks in the corresponding spectrum confirms the nearly complete removal of the residues on the surface of the monolayer graphene M1.
We can also observe that the edge of M1 does not contact fully with the substrate surface in Figure 2(a) . This kind of disengagement from the surface of SiO 2 may cause graphene's rolling up from the edge. The height values between the two blue forks on the white line marked on the graphene M1 in Figure 2 (a) are measured before annealing, after 300 ∘ C annealing in vacuum, after 400 ∘ C annealing in vacuum, and after 400 ∘ C annealing in N 2 /H 2 to be 3.1 nm, 1.9 nm, 1.6 nm, and 1.2 nm. The height of the edge of M1 decreases accompanying annealing and 1.2 nm is already at the level of the thickness of a graphene film on the surface of SiO 2 [1, 27] . Therefore, the edge of M1 becomes fully attached to the substrate.
Compared with the characterization results of annealing in vacuum and N 2 /H 2 , it is concluded that N 2 /H 2 gas is essential in removing the tape residues on the surface of graphene. The mechanism of this gas effect on the removing tape residues is still on research. We speculate that the removal of tape residues on the surface of graphene may be due to the reaggregation of the tape residues and the chemical decomposition of the residues. The introduction of N 2 /H 2 may help the gasification of scission products. Successive researches on the mechanism of N 2 /H 2 helping for removing tape residues are in progress.
The effect of the annealing temperature of N 2 /H 2 gas is also studied on the monolayer graphene M2. The topographic AFM images of M2 after annealing are shown in Figure 3 . There are still few tape residue particles on the surface of M2 after annealing in N 2 /H 2 at 300 ∘ C as shown in Figure 3 (a). However, these particles nearly vanish after further annealing at 400 ∘ C confirmed by the AFM image shown in Figure 3 (b). This indicates that high temperature is advantageous for the removing of the tape residues.
G and 2D peaks in the Raman spectrum are used to characterize the effect of annealing on the graphene M1 and M2. The blueshifts of the G peak of M1 and M2 are 10 cm , respectively. It is known that the blue-shift can be caused by either strain [28, 29] or hole doping [23, 24, [30] [31] [32] [33] . In our case, the blueshifts of the G peak and 2D peak are close, which implies that hole doping is the main cause of the blueshift since the 2D peak is more sensitive to strain than the G peak. For the graphene M1, the FWHM of the 2D peak increases with annealing temperatures both in vacuum and N 2 /H 2 , as shown in Figure 4 (c). This is due to the increase of the disorders which affect the formation of the 2D peak and the strengthening of the interreaction between M1 and the SiO 2 substrate with progressive annealing [34] . However, the FWHM of the 2D peak for M2 changes significantly after Journal of Nanomaterials annealing at 300 ∘ C but increments marginally after the following annealing at 400 ∘ C in N 2 /H 2 as shown in Figure 4 (d). It can be concluded that the disorders emerge in the removing and moving processes of the tape residues. Most of the tape residues are removed by annealing at 300 ∘ C in N 2 /H 2 that left few residues being removed in the annealing process at 400 ∘ C in N 2 /H 2 . Thus the broadening of the 2D peak of M2 is different for the two steps. The intensity ratio of 2D / G which is sensitive to doping [34, 35] decreases with the increasing annealing temperature for both graphene M1 and M2 as shown in Figures 4(c) and 4(d) by the red axes.
Conclusions
In conclusion, monolayer graphene is prepared using scotch tape to mechanically exfoliate Kish graphite and thermal annealing in vacuum or N 2 /H 2 is performed to remove the tape residues left on the surface of and beside graphene. The annealing effect is characterized by AFM and Raman spectra from which we confirm that annealing in vacuum is not effective to remove the tape residues and N 2 /H 2 is critical. Also increasing the temperature is helpful for residue removal. Tape residues can be removed by annealing at 400 ∘ C in N 2 /H 2 at a pressure of 50 mbar for 2 h. Thermal annealing brings hole doping in graphene which accounts for the blueshifts of the G peak and the 2D peak and the decrease of the 2D / G intensity ratio in Raman spectra. The 2D peaks broaden due to the emerging disorders during the annealing process and the enhanced interreaction between graphene and SiO 2 substrate. The edges of graphene completely attach the surface of the substrates after thermal annealing processes.
